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Abstract 
 
An evaluation of proton-, deuteron-, triton-, 3He-, and -particles- production cross-
sections was performed for 262 stable nuclides with atomic number from 12 to 83 at 
the energies of primary neutrons up to 200 MeV. The data were compiled in ENDF 
formatted data files. 
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1. Introduction 
 
A study of primary radiation effects in material of fusion units and neutron spallation 
sources implies the use of a set of reliable data for a calculation of gas production 
rates for a wide range of primary neutron energies and target materials. An obtaining 
such data is one of important challenges of applied nuclear physics. The solution 
concerns the use of advanced theoretical models, experimental data, and data of 
systematics [1].  
 The goal of this work is to obtain gas production cross-sections for stable 
targets with the atomic number from 12 to 83 at incident neutron energies up to 200 
MeV. The work involves  
- the analysis of available experimental data 
- the estimation of atomic mass dependence of cross-sections, (A) at primary 
neutron energy around hundred MeV to improve final evaluated curves, as 
described in Ref.[2] 
- the analysis of evaluated data from ENDF/B-VII.1, JENDL-4, JEFF-3.2, and 
TENDL-2014, if available 
- theoretical calculations 
- the improvement of available evaluated data concerning an incorrect energy 
dependence, jumps, and other irregularities  
- the cross-section evaluation involving measured data, values estimated using 
the (A)- dependence, systematics predictions, and results of model 
calculations. 
 In most cases, the evaluated data of JEFF-3.2 for (n,p), (n,t), (n,d), and (n,) 
reactions below 20 MeV were found to be correct and not requiring improvement. For 
a number of reactions data at neutron incident energies below 20 MeV were taken 
from other libraries or corrected. 
 Section 2 describes briefly experimental data used for the evaluation of gas 
production cross-sections, a selection and eventual corrections. The evaluation of 
atomic mass dependence of cross-sections to be used for the correction of 
components of evaluated gas production cross-sections, is discussed in Section 3. 
Section 4 explains the details of the use of available nuclear data files and results of 
model calculations for the evaluation. Section 5 describes results of the evaluation.  
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Obtained proton-, deuteron, triton, and -particle production cross-section are shown 
in Appendices A-D. 
 
 
2. Experimental data 
 
The experimental data used for the evaluation of gas production cross-sections were 
taken from Refs.[3-26] and relating EXFOR files. Available measured data refer to 
individual target isotopes, as for example, Ref.[25], natural mixtures of isotopes, 
sums of proton-, deuteron-, and triton- production cross-sections, 3He and -particle 
production cross-sections. A number of cross-sections were measured for a limited 
energy range of emitted charged particles and require corrections to get total gas 
production cross-sections.  
 In the last case the data measured were corrected as described below. For 
some targets corrections performed by authors of measurements using the GNASH 
code [27] and TALYS code [28] were adopted for further use. In the present work, 
particle energy distributions were calculated with the TALYS code [28] using different 
models for the calculation of the nuclear level density for excited nuclei. In the most 
cases the calculated part of cross-section  above the experimental low cut-off 
energy Emin was normalized on the measured value; the obtained cross-section was 
added to the calculated part of  below Emin multiplied by the obtained coefficient to 
get the production cross-section at all emission energies. The final value of cross-
section for each incident neutron energy was obtained by the averaging of results 
obtained using different models for nuclear level density. 
 The proton and -particle production cross-sections were extracted from the 
corresponding measured hydrogen and helium production cross-sections using 
available experimental information for neighbouring target nuclei and results of model 
calculations.  
 
 
3. Evaluation of atomic mass dependence of gas production cross-sections  
 
The method of the correction of calculated gas-production cross-sections using the 
evaluated A-dependence is discussed in Refs.[2].  
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 An idea is the evaluation of the atomic mass dependence of cross-sections 
using available experimental information and results of model calculations for a fixed 
incident particle energy. The approach gives a possibility to obtain experimentally 
based values of cross-sections for targets, if the measured data are absent. The 
method is different from the use of global A-systematics, where predictions are made 
basing on a global parameterization of existing data and approximate formulas.  
 In analogy with the common evaluation of the energy dependence of cross-
section for a certain target, here the atomic mass dependence is estimated for 
different target nuclei for fixed incident particle energy. It is assumed that the energy 
of primary particles is high enough to attribute the possible difference of calculations 
and experimental data to deficiency of global parameter systematics used for 
calculations, for example for the simulation of non-equilibrium particle emission 
making the contribution to the gas production cross-section. Another criterion for 
selecting the primary particle energy for evaluation of (A) dependence is the number 
of available measurements. 
 The use of estimated A-dependence seems to be a natural way to apply 
available data for neighbouring target-nuclei for the evaluation of cross-sections [2]. 
 After analysing the measured data, the neutron energy of 96 MeV was chosen 
for the evaluation of (A) dependence. 
 Improved and corrected experimental cross-sections exp at 96 MeV used for 
the evaluation of A-dependence of components of gas production cross-sections are 
shown in Tables 1-5. In some cases errors of particle production cross-sections  
shown in Tables reflect performed corrections and improvements and are not original 
errors reported in corresponding experimental works. 
 The calculation of gas production cross-section components were performed for 
278 stable nuclei from 7Li to 209Bi using nuclear models implemented in the 
ALICE/ASH [29] code and the TALYS [28] code. Different models describing the 
nuclear level density were applied for calculations. The details are discussed in 
Ref.[2]. 
 Figures 1-5 shows examples of calculations using ALICE/ASH and TALYS 
codes.  
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Table 1. Cross-sections exp adopted for the evaluation of proton production cross-
section in neutron induced reactions (n,x)p at the incident neutron energy 96 MeV. 
Corrections of original data are discussed in the text. 
Nucleus Cross-section (mb) Reference 
natC 170  17 [8] 
natO 257.5  14.4 [10] 
natSi 494.8  22.7 [18] 
natCr 639.6  127.9 [21] 
natFe 697.9  30.7 [19] 
natFe 588.4  117.7 [21] 
181Ta 237.6  47.5 [21] 
natPb 485  24.3 [19] 
 
 
 
Table 2. Cross-sections exp adopted for the evaluation of deuteron production cross-
section in neutron induced reactions (n,x)d at the incident neutron energy 96 MeV. 
Corrections of original data are discussed in the text. 
Nucleus Cross-section (mb) Reference 
natC 70  4 [8] 
natO 80.1  4.1 [10] 
natSi 84.3  4.0 [18] 
natCr 146.3  29.3 [21] 
natFe 133.1  6.5 [19] 
natFe 112.2  22.5 [21] 
181Ta 68.5  13.7 [21] 
natPb 137.0  6.9 [19] 
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Table 3. Cross-sections exp adopted for the evaluation of triton production cross-
section in neutron induced reactions (n,x)t at the incident neutron energy 96 MeV. 
Derivation of data and corrections are discussed in the text. 
Nucleus Cross-section (mb) Reference 
natC 32.0  2.0 [8] 
natO 24.20  1.15 [10] 
natSi 16.00  0.82 [18] 
natCr 23.2  5.1 [21] 
natFe 21.2  1.1 [19] 
natFe 17.9  3.6 [21] 
181Ta 24.9  5.0 [21] 
natPb 53.0  2.7 [19] 
 
 
 
 
Table 4. Cross-sections exp adopted for the evaluation of 3He production cross-
section in neutron induced reactions (n,x)3He at the incident neutron energy 96 MeV. 
Derivation of data and corrections are discussed in the text. 
Nucleus Cross-section (mb) Reference 
natC 16.0  2.0 [8] 
natO 11.2  1.5 [10] 
natSi 10.8  1.0 [18] 
natCr 12.4  2.5 [21] 
natFe 10.70  0.52 [19] 
natFe 8.96  1.79 [21] 
181Ta 6.47  5.35 [21] 
natPb 5.12  1.02 [19] 
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Table 5. Cross-sections exp adopted for the evaluation of -particle production 
cross-section in neutron induced reactions (n,x) at the incident neutron energy 96 
MeV. Corrections of original data are discussed in the text. 
Nucleus Cross-section (mb) Reference 
natC 207  12 [8] 
natO 168.7  7.4 [10] 
natSi 155.1  7.1 [18] 
natCr 202.6  40.5 [21] 
natFe 182.7  8.4 [19] 
natFe 153.2  30.6 [21] 
181Ta 38.3  7.6 [21] 
natPb 45.0  2.2 [19] 
 
 
 
 
 
Fig.1 Proton production cross-sections for 278 stable target nuclei from 7Li to 209Bi at the 
incident neutron energy 96 MeV calculated using the ALICE/ASH code and the 
TALYS code applying the nuclear level density model corresponding to the input 
variable ldmodel equal to one. See explanations in the text. 
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Fig.2 Deuteron production cross-sections for 278 stable target nuclei from 7Li to 209Bi at the 
incident neutron energy 96 MeV calculated using the ALICE/ASH code and the 
TALYS code with the input variable ldmodel=1. See explanations in the text. 
 
 
Fig.3 Triton production cross-sections for 278 stable target nuclei from 7Li to 209Bi at the 
incident neutron energy 96 MeV calculated using the ALICE/ASH code and the 
TALYS code with the input variable ldmodel=1. See explanations in the text. 
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Fig.4 3He production cross-sections for 278 stable target nuclei from 7Li to 209Bi at the 
incident neutron energy 96 MeV calculated using the ALICE/ASH code and the 
TALYS code with the input variable ldmodel=1. See explanations in the text. 
 
 
Fig.5 -particle production cross-sections for 278 stable target nuclei from 7Li to 209Bi at the 
incident neutron energy 96 MeV calculated using the ALICE/ASH code and the 
TALYS code with the input variable ldmodel=1. See explanations in the text. 
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 The evaluation of atomic mass dependence for proton-, deuteron-, triton-, 3He, 
and -particle production cross-section was performed using results of model 
calculations and measured data, Table 1-5. The BEKED package [30] was applied 
for computations. 
 The deviation of calculated cross-sections from measured data was attributed to 
the global deficiency of models applied, particularly, to the sets of parameters of non-
equilibrium models, which utilization can be improved by the redefinition of their 
general A-dependence. Estimated errors of evaluated production cross-sections 
result from the application of different nuclear models implemented in the ALICE/ASH 
code and in the TALYS code corresponding to input variable ldmodel from 1 to 3 and 
the procedure of the data improvement [2].  
 Evaluated proton-, deuteron-, triton-, 3He-, and -particle- production cross-
sections were obtained for 278 stable target nuclei from 7Li to 209Bi at the incident 
neutron energy 96 MeV. The cross-sections are shown in Figs.6-10.  
  
 
 
 
Fig.6 Evaluated proton production cross-sections for stable target nuclei from 7Li to 209Bi at 
the incident neutron energy 96 MeV 
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Fig.7 Evaluated deuteron production cross-sections for stable target nuclei from 7Li to 209Bi 
at the incident neutron energy 96 MeV 
 
 
Fig.8 Evaluated triton production cross-sections for stable target nuclei from 7Li to 209Bi at 
the incident neutron energy 96 MeV 
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Fig.9 Evaluated 3He production cross-sections for stable target nuclei from 7Li to 209Bi at the 
incident neutron energy 96 MeV 
 
 
Fig.10 Evaluated -particle production cross-sections for stable target nuclei from 7Li to 209Bi 
at the incident neutron energy 96 MeV 
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 Obtained cross-sections were applied as the reference data for the evaluation of 
gas production cross-sections including the correction of theoretical curves at 
neutron energies up to 200 MeV.  
 Examples of the use of obtained cross-sections for improvement of the data are 
shown in Fig.11. 
 
 
4. Use of nuclear data files and results of model calculations  
 
4.1 Neutron energies above 20 MeV 
Data from ENDF/B-VII.1, JEFF-3.2, and TENDL-2014 were applied for subsequent 
corrections using the estimated cross-sections described in Section 3. In the case of 
large differences between the shapes of energy dependence of cross-sections from 
different libraries, reference calculations were carried out using ALICE/ASH and 
TALYS codes. Calculations were also used to extrapolate the available data up to 
200 MeV.  
 Similarly, data from libraries and results of calculations were used for evaluation 
of gas production cross sections together with the experimental data [3-26]. 
Examples are shown in the next Section. 
 
4.2 Neutron energies below 20 MeV 
In most cases, the JEFF-3.2 data for (n,p), (n,t), (n,d), and (n,) reactions below 20 
MeV were found to be correct and not requiring improvement. Some cross-sections 
were calculated, corrected or taken from other libraries. In the last case, the 
comparative analysis was performed for cross-sections from ENDF/B-VII.1, JENDL-
4, JEFF-3.2, TENDL-2014, and EAF-2010 using available measured data [31]. 
 
 
5. Evaluated data  
 
The improvement and correction of available evaluated data and new evaluations 
were performed using the BEKED package [30]. The details were discussed above.  
 Examples of evaluated components of gas production cross-sections are shown 
in Figs.12-42. Experimental values shown in Figures were corrected, if it was 
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necessary for specific reactions. For example, data of Ref.[25] have been reduced by 
the estimated contribution of 3He. 
 Obtained proton-, deuteron-, triton-, 3He-, and -particle- production cross-
section are shown together with the data at 96 MeV (Section 3) and data from 
ENDF/B-VII.1, JEFF-3.2, and TENDL-2014 in Appendices A-D. The difference 
between evaluated data and estimated values at 96 MeV, observed in some cases, 
is due to the use of experimental data fro the evalaution, as for example for the 
reaction Fe(n,x)He, Fig.27 and for 56Fe(n,x), Fig.28. 
 Obtained data are written in the ENDF format. Conventional MT-numbers 203, 
204, 205, 206, and 207 were applied for the files with proton-, deuteron-, triton-, 3He-, 
and -particle production cross-sections, respectively.  
 
 
6. Conclusion  
 
Proton-, deuteron-, triton-, 3He-, and -particles- production cross-sections were 
obtained for 262 stable nuclides with atomic number from 12 to 83 at the energies of 
primary neutrons up to 200 MeV.  
 The data evaluation involved the analysis of available experimental data, the 
estimation of atomic mass dependence of cross-sections to improve final evaluated 
curves, the analysis of evaluated data from ENDF/B-VII.1, JENDL-4, JEFF-3.2, and 
TENDL-2014, nuclear model calculations, the improvement of existing evaluated 
data concerning the incorrect energy dependence, and statistical combination of 
experimental and theoretical data. 
 Final evaluated data were written in the ENDF format. 
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Fig.11 Examples of the use of evaluated data at 96 MeV (black circle) for the correction of 
components of gas production cross-sections. 
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Fig.12 Evaluated proton production cross-section for 27Al. Reference data are discussed in 
Section 3. 
 
 
 
Fig.13 Evaluated deuteron production cross-section for 27Al. 
 
16 
 
 
Fig.14 Evaluated triton production cross-section for 27Al. 
 
 
 
Fig.15 Evaluated proton production cross-section for 28Si. 
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Fig.16 Evaluated deuteron production cross-section for 28Si. 
 
 
 
Fig.17 Evaluated triton production cross-section for 28Si. 
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Fig.18 Evaluated -particle production cross-section for 28Si. 
 
 
 
Fig.19 Evaluated hydrogen production cross-section (sum of proton-, deuteron-, and triton- 
production cross-sections) for chromium. 
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Fig.20 Evaluated proton production cross-section for 52Cr. 
 
 
 
Fig.21 Evaluated helium production cross-section (sum of 3He- and -particle- production 
cross-sections) for chromium. 
 
20 
 
 
Fig.22 Evaluated -particle production cross-section for 52Cr. 
 
 
 
Fig.23 Evaluated hydrogen production cross-section (sum of proton-, deuteron-, and triton- 
production cross-sections) for iron. 
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Fig.24 Evaluated proton production cross-section for 56Fe. 
 
 
 
Fig.25 Evaluated deuteron production cross-section for 56Fe. 
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Fig.26 Evaluated triton production cross-section for 56Fe. 
 
 
 
Fig.27 Evaluated helium production cross-section (sum of 3He- and -particle- production 
cross-sections) for iron. 
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Fig.28 Evaluated -particle production cross-section for 56Fe. 
 
 
 
Fig.29 Evaluated proton production cross-section for 59Co. 
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Fig.30 Evaluated deuteron production cross-section for 59Co. 
 
 
 
Fig.31 Evaluated triton production cross-section for 59Co. 
 
25 
 
 
Fig.32 Evaluated -particle production cross-section for 59Co. 
 
 
 
Fig.33 Evaluated -particle production cross-section for 58Ni. 
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Fig.34 Evaluated -particle production cross-section for 60Ni. 
 
 
 
Fig.35 Evaluated -particle production cross-section for 181Ta. 
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Fig.36 Evaluated proton production cross-section for lead. 
 
 
 
Fig.37 Evaluated deuteron production cross-section for lead. 
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Fig.38 Evaluated triton production cross-section for lead. 
 
 
 
Fig.39 Evaluated proton production cross-section for 209Bi. 
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Fig.40 Evaluated deuteron production cross-section for 209Bi. 
 
 
 
Fig.41 Evaluated triton production cross-section for 209Bi. 
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Fig.42 Evaluated -particle production cross-section for 209Bi. 
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Appendix A 
 
Evaluated proton production cross-sections, data from ENDF/B-VII.1, JEFF-3.2, 
and TENDL-2014, and cross-sections at 96 MeV estimated using the (A)- 
dependence 
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Appendix B 
 
Evaluated deuteron production cross-sections, data from ENDF/B-VII.1, JEFF-
3.2, and TENDL-2014, and cross-sections at 96 MeV estimated using the (A)- 
dependence 
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Appendix C 
 
Evaluated triton production cross-sections, data from ENDF/B-VII.1, JEFF-
3.2, and TENDL-2014, and cross-sections at 96 MeV estimated using the 
(A)- dependence 
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Appendix D 
 
Evaluated -particle production cross-sections, data from ENDF/B-VII.1, 
JEFF-3.2, and TENDL-2014, and cross-sections at 96 MeV estimated using 
the (A)- dependence 
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